The major goal of this work was to characterize invasive ductal carcinoma and healthy fatty breast tissues noninvasively using the classification and regression tree analysis (CART) of 2D MR spectral data. 2D L-COSY spectra were acquired in 14 invasive breast carcinoma and 21 healthy fatty breasts using a GE 1.5 Tesla MRI/MRS scanner equipped with a 2channel phased-array breast MR coil. The 2D spectra were recorded in approximately 10 minutes using a minimum voxel size of 1 ml without any water suppression technique. For healthy breasts, spectra were acquired from at least one fatty region. 2D L-COSY spectra were recorded in a total of 43 voxels. Five diagonal and six cross peak volumes were integrated and at least eighteen ratios were selected as potential features for the statistical method, namely CART. The 2D L-COSY data showed a significant increase for the majority of these ratios in invasive breast carcinomas compared to healthy fatty tissues. Better accuracy of identifying carcinomas and fatty tissues is reported using CART analysis of different combinations of ratios calculated from the relative levels of water, choline, and saturated and unsaturated lipids. This is a first report on the statistical classification of 2D L-COSY in human breast carcinomas in vivo.
Introduction
Early detection and diagnosis are critical in achieving successful treatment of breast cancer. Mammography is currently the most widely used imaging tool for detecting breast masses. However, 10%-40% of palpable cancers are missed by mammography alone; this problem is particularly severe for women younger than 50 years, whose radiographically opaque breast tissue may hide malignancy (1-4). Fine-needle aspiration biopsy has a sampling error rate of 1%-15% (5). Ingram et al. estimated the complete sensitivity of mammography to be 81%-97% (6), but this figure included the 50%-80% of masses with suspicious and atypical diagnoses in which cancer is normally confirmed by open biopsy (7) . Other estimates of mammographic sensitivity range from 65% to 98%, and specificity estimates vary from 34% to100% (8).
Magnetic resonance spectroscopy (MRS) enables monitoring cellular chemistry in human tissues noninvasively. A number of prior investigators have applied MRS to characterize breast tissue, with promising results. MRS of human breast tissues shows the resonances due to water, choline, nucleotides, and saturated and unsaturated fatty acids (9-16). MRS to distinguish 102/106 fineneedle biopsy samples of benign or normal tissue from samples of breast carcinomas (9). Kvistad et al., using in vivo 1D MRS, identified choline-containing compounds in 9/11 patients with breast carcinomas, 2/11 patients with benign breast lesions and 5/7 healthy breast-feeding volunteers (10). Cecil et al. diagnosed 19/23 confirmed cancers and 13/15 benign processes correctly by 1D in vivo MRS (11). Jagannathan et al. monitored the responses to chemotherapy, indicated by both choline levels and the ratios of water to fat, in malignant breast tumors using in vivo MR spectroscopy (12, 13) . Yeung et al. reported a sensitivity of 92% and specificity of 83% using the choline peaks in MRS of breast carcinoma and benign lesions in vivo (14) . Mountford et al. evaluated the spectra of fine-needle aspirates of breast tissue using a statistical classification strategy (8), and Jong-Kanglee et al. analyzed breast tissue spectra in vivo using artificial neural networks (15). A recent report by Leifbritz and co-workers has used 1 H MRS and self-organizing maps in visualizing biochemical changes in breast cancer (16).
One-dimensional MRS, while potentially beneficial, suffers from the severe overlap of spectral peaks. Two-dimensional (2D) MRS overcomes this problem by adding a second dimension to each spectrum. A recent study using twodimensional localized correlated spectroscopy (L-COSY) showed elevated water-to-fat (lipid) ratios in breast cancer and the presence of choline peaks in some breast cancer patients (17). Previous investigators have also identified significant differences in these quantities between malignant breast tumors and benign tumors or healthy breast tissue (8-16, 18) using one-dimensional spectroscopy. The additional cross-peaks detectable in COSY spectra may provide valuable supplementary information, and may thereby yield more accurate discriminations among different types of breast tissue than the water-to-fat or choline-to-fat ratio alone.
A classification scheme based on the information available in 2D COSY spectra could potentially assist the physician in diagnosing suspicious radiographic findings. A statistical pattern classification method, namely Classification and Regression Trees (CART), could be thought of as a "tree trunk" with progressive splits into smaller and smaller "branches" (19). The initial "tree trunk" is all of the participants in the study. A series of "predictor" variables are assessed to see if splitting the sample based on these predictors leads to better discrimination in the dependent measure. The "most significant" of these predictions would define the first split of the sample, or the first branching of the tree. Then, for each of the new groups formed, the result at the end of the tree building process is that a series of groups that are maximally different from one another on the dependent variable will be obtained. The aim of the present study was to evaluate the efficacy of CART in discriminating malignant breast tumors and healthy breast tissues using the 2D L-COSY spectra.
Materials and Methods

Human Subjects
A total of 35 women participated in the present study. These human subjects included 14 patients with biopsy-proven invasive breast carcinomas (13 MRS voxels in the lesions) and 21 healthy controls (30 MRS voxels predominantly in fatty tissue regions). Data of one patient was excluded due to a technical problem during the scan. The stages of breast cancer varied between T1 and T3 with a minimum tumor size of 1 cm and the maximum of 12.5 cm. The cancer patients were referred to the study from the Iris Cantor Center for Breast Imaging. Healthy controls were recruited through advertising and word-of-mouth. The average age of the cancer patients was 51 years (range: 26-72 years), and that of healthy controls was 44 years (range: 23-68 years).
MR Imaging
Multi-slice MR images were recorded using the following protocol:
i.
The parameters used for the T 1 -weighted axial spoiled gradient recalled (SPGR) echo MR images were: 10 mm slice thickness, 36 × 36 cm field of view, 8-12 slices, TR/TE=51/5.3 ms, data matrix of 256 × 128, number of excitations (NEX)=2 and 30º flip angle. The total duration was less than a minute.
ii. T 2 -weighted fast-spin-echo axial MR images were recorded using the following parameters: 4 mm slice thickness and 30-40 slices, 36 × 36 cm field of view, TR/TE=5000/104ms, data matrix of 256 × 192, number of excitations (NEX)=2 and the echo train length (ETL) of 8. The total duration was 4.5 minutes.
A dedicated 2-channel phased array "receive" assembly was used in combination with a quadrature body "transmit" rf coil for recording the MR images.
MR Spectroscopy
Spectra were acquired using a GE 1.5-T MRI/MRS scanner (General Electric Healthcare Technologies, Waukesha, WI) equipped with echo-speed-gradients operating at a slew rate of 120T/m/s. A body RF coil was employed for RF trans-mission, and a phased-array breast coil for reception. The following parameters were used to acquire each 2D L-COSY spectrum (17): repetition time (TR) of 2 seconds, minimal echo time (TE) of 30 ms, spectral width of 2500 Hz along the first and 625 Hz along the second dimensions, 8-12 excitations per ∆t 1 , and 40 increments of ∆t 1 . Total duration for recording a 2D L-COSY was approximately 10-16 minutes after 3-5 minutes of optimization of transmitter and receiver, and the static field (B 0 ) homogeneity. The radiofrequency (RF) pulse sequence included a combination of three slice-selective pulses (90º-180º-90º) to localize a voxel of interest (VOI) and the second 90º RF pulse also acted as a coherence transfer pulse in L-COSY (20). A twostep phase cycling was imposed on each RF pulse with receiver cycled through addition/subtraction. No water suppression was used while recording the 2D L-COSY spectra.
The MRS voxel size was varied from 1 × 1 × 1 cm 3 to 2 × 2 × 2 cm 3 . At least one spectrum was acquired from the suspicious lesion for each patient. For healthy controls, two or more voxels were located in the fatty tissue.
Processing of MR Spectra
All raw files of 2D MRS data were transferred to an offline SGI O2 workstation (Silicon Graphics, Inc., Sunnyvale, CA). Spectra were then processed using Felix2000 (Accelerys Inc., San Diego, CA). The raw data were zero-filled to 2048 × 128 points, filtered and double Fourier-transformed. In each 2D spectrum, the diagonal peaks included the following: water (WAT, 4.8 ppm), poly methylene ((CH 2 ) n ) and methyl protons (CH 3 ) of saturated and unsaturated lipids ((FAT, 1.4 ppm) and (FMETD, 0.9ppm)), olefinic protons of unsaturated lipids (UFD, 5.4ppm) and choline (CHO, 3.3 ppm). In addition, the 2D spectra showed three different pairs of cross-peaks: First, two connecting the olefinic and methylene protons of unsaturated lipids ("UFR": F 2 =2.1 ppm, F 1 =5.4 ppm and "UFL": F 2 =2.9 ppm, F 1 =5.4 ppm) and the corresponding cross peaks below the diagonal. Second, peaks between the tri-glyceryl back bone protons ("TGFR": F 2 =4.3 ppm, F 1 =5.3 ppm) as reported by Szczepaniak et al. in 1D MRS (21) and the corresponding cross peaks below the diagonal of the 2D spectrum.
Even though the cross peaks were symmetric (with respect to the diagonal) without water suppression, the cross peaks above the diagonal peaks were used due to improved digital resolution along the t 2 dimension. As reported recently, asymmetric cross peaks were detected in 2D L-COSY of human brain if water suppression is used (22). Table I lists the entire diagonal and cross peaks evaluated in this study. The volumes under each 2D peak were calculated by numerically integrating the volume under the peak from the contour plots. Metabolite ratios were computed by dividing these volume integrals.
Statistical Analysis
The mean values of metabolite ratios were compared for two different tissue types, to determine whether the available samples were drawn from populations with equal means. Values for invasive carcinoma were compared to those of healthy fatty tissues. To perform each comparison, Levene's test was first used to determine whether the tissues in question could be assumed to come from populations with equal variances (23).
Hotelling's T 2 statistics was used as a multivariate test of significance concerning all metabolite ratios combined (24). The BMDP Statistical Software, Inc. Version 7.0 was used to perform this test. CART was used instead of discriminant analysis between invasive carcinoma and healthy fatty tissues, since CART is a more robust decision tool for classification (19). Using CART 5.0, a recursive partitioning analysis was investigated to divide the cohort into invasive carcinoma and healthy fatty tissues. Variables entered into the model included all the peak volumes included in Table I (24): where the sum extends over all k categories. p(j/t) is the probability of category j at the node t and C(i/j) is the probability of misclassifying a category j case as category i.
CART automatically searches for important patterns and relationships in complex data without rigid assumptions. The Gini method was used to select the best classification model. Figure 1 and Figure 2 are the MRS voxel placement and the corresponding 2D L-COSY spectra recorded in a 26 years old woman with invasive breast carcinoma and a 36 years old healthy woman, respectively. The voxel size was 1.5 × 1.5 × 1.5 cm 3 in both subjects. The 2D COSY spectrum of the healthy breast shown in Figure 2b showed the following diagonal peaks (F 2 =F 1 ) for the protons of WAT, and the methyl, methylene and olefinic protons of saturated and unsaturated fatty acids, FMETD, FAT, and UFD. There were symmetric 2D cross peaks of UFR, UFL and TFGR between the methylene and tri-glyceryl backbone protons of saturated and unsaturated fatty acids. There were also other unresolved cross peaks between the methyl and methylene protons of fatty acids. On the other hand, the 2D COSY spectrum recorded in the affected side of the patient diagnosed with invasive breast carcinoma showed drastically increased water and reduced fat as shown in Figure 1b in conformity with the earlier 1D MRS reports (10, 12). The 2D L-COSY spectrum showed significant reduction of both diagonal and cross peaks of unsaturated and saturated lipids.
Results
Shown in
A diagonal peak due to the tri-methyl protons of choline (CHO) was only detected in breast carcinoma and not in any of the healthy breasts investigated so far. The 2D cross peaks between the two methylene protons of CHO were not detectable at (F 2 =4.0ppm, F 1 =3.5ppm) and (F 2 =3.5ppm, F 1 =4.0ppm) in breast tissues contrary to the peaks detected in brain using larger voxel size (27 ml) (19).
The rectangular areas marked in the 2D spectra were used for volume integration. Eighteen metabolite ratios were calculated using the 2D L-COSY spectra of invasive carcinoma, and healthy fatty tissues as summarized in Table II . Nine peak ratios of the diagonal peak volumes and the remaining ratios of the cross peak volumes are shown in Table II (a) and II(b), respectively. As shown in Table II(a) and Table II(b) , there was a significant increase (p<0.05) of the following ratios in the carcinomas compared to healthy fatty tissues: WAT/FAT, WAT/FMETD, WAT/UFD, CHO/FAT, CHO/ UFD, WAT/UFR, WAT/UFL, WAT/TFGR, CHO/UFR, and CHO/UFL. The decline of two ratios, CHO/FMETD and FAT/TFGR, was also significant.
Selected CART analysis of six different ratios is summarized in Table III . Group of three diagonal peak ratios, namely WAT/FAT, WAT/CHO, and CHO/FAT predicted 11 out of 13 carcinomas and 28 out of 30 fatty regions correctly as summa-rized in Table III (a). The analysis showed the same prediction when three cross peak ratios, namely WAT/UFR, WAT/UFL, and WAT/TGFR were used as a separate group. However, analysis of combined six ratios predicted 29 out of 30 fatty tissues correctly with no change in the prediction of carcinomas. CART analysis of CHO/FMETD alone predicted all the carcinomas and fatty tissues with 100% accuracy.
Discussion
Several diagonal and cross peaks due to water, choline, saturated, and unsaturated lipids can be identified in human breast tissues in vivo using 2D L-COSY. The ratios of water to fat using two peaks, namely WAT and FAT recorded using one dimensional (1D) MR spectra have been demonstrated by previous researchers to vary between healthy women and women with breast cancer (11, 12) . The 2D L-COSY spectrum showed the diagonal peaks of WAT and FAT, UFD and FMETD. In addition, three well resolved cross peaks due to UFR, UFL, and TGFR were also recorded.
Construction of diagnostic aids based on pattern classification is an active research area in radiology. Several studies have applied stepwise logistic regression and artificial neural networks to the detection or diagnosis of pathologic conditions seen on chest radiographs (23-28). These schemes have also been applied to the detection and diagnosis of lung disorders appearing on computed tomography (CT) images (29) (30) (31) . Based on the L-COSY peak ratios, CART analysis identified the VOIs of healthy fatty tissue and invasive carcinoma tissue with greater accuracy. Analysis of WAT/FAT alone predicted the carcinomas and fatty tissues with an overall accuracy of 92% and 87%, respectively. Previous 1D MRS reports did not use the resonances of unsaturated fatty acids. Earlier preliminary findings using 2D L-COSY revealed decrease in unsaturated fatty acids following the same trend as the saturated fatty acids of human breast cancer compared to healthy fatty tissues (17). The present analysis predicted 12 out of 13 breast carcinomas, and 28 out of 30 fatty tissues correctly while using the combination of two water-to-unsaturated fatty acids ratios (WAT/UFR and WAT/UFL). Adding one more ratio of WAT/TGFR due to the cross peaks of tri-glyceryl backbone protons, only 11 out of 13 breast carcinomas were identified correctly without any change in the accuracy of predicting the healthy fatty tissues. In summary, 2D L-COSY analysis of the relative volumes of both saturated and unsaturated lipids enabled an effective discrimination between cancerous and healthy fatty tissues. A number of 1D MRS studies using biopsy specimens and tissue extracts have attempted to distinguish biochemical features of breast tumors, and have focused on the presence of choline predominantly in malignant tumors (9, 16). Mackinnon et al. were able to distinguish between fine-needle biopsy specimens drawn from malignant and benign breast tumors, using the ratios of their choline to creatine peaks seen in one-dimensional proton spectra. 102/106 benign or normal samples had choline-to-creatine ratios less than 1.7, and only 4/82 carcinomas had choline-to-creatine ratios less than 1.7 (9). Yeung et al. found choline resonances in the one-dimensional PRESS spectra of 22/24 patients with invasive breast carcinomas and only 1/6 patients with benign lesions. Thus, the use of choline as a marker for malignancy gave a sensitivity of 92% and a specificity of 83% (14). Leibfritz and co-workers used k-nearestneighbor method and self-organizing-map visualizations to differentiate 49 breast tumor extracts of various tumor grades and 39 extracts of healthy tissues (16). A clear correlation of the uridine-5'-diphosphate (UDP)-hexose concentration and the grade of malignancy was reported (16). In the current work, only the diagonal peak of CHO was identified reliably in the 2D L-COSY spectra. Combination of three ratios, namely WAT/CHO, WAT/FAT, and CHO/FAT, were able to predict carcinomas and fatty tissues with 93% and 85% accuracy. A slightly improved accuracy of 97% was observed in breast carcinoma while using CART analysis of six different ratios, namely WAT/CHO, WAT/FAT, CHO/FAT, WAT/UFR, WAT/UFL, and WAT/TGFR; the accuracy for healthy fatty tissues was the same, 85%, as the analysis result using three ratios.
None of the women included in the current study were breast-feeding. 1D MRS analysis of breast carcinoma patients, patients with benign breast tumors, healthy breast-feeding women, and healthy nonbreast-feeding women was also reported recently (10, 12). 9/11 carcinoma patients, but only 2/11 patients with benign breast lesions, had spectra showing choline peaks around 3.3 ppm. However, 5/7 breast-feeding women also had choline peaks in their spectra. Therefore, the presence of a choline peak may be interpreted as an indication of high metabolic activity rather than a specific marker for cancer. Chao et al. addressed the increased choline content associated with breast-feeding, and showed that most of the choline taken up by epithelial cells in the mammary glands of lactating rats was in the form of free choline (32). In a recent review of MRS applications in breast cancer, Ronen and Leach cite studies showing that higher levels of nucleotide triphosphates and phosphomonoesters (PMEs) are found in carcinomas than benign tumors (18). Furthermore, an association has been found between the phosphocholine (PC) component of breast tumor PMEs and the tumor grade, as well as an association between the PC component of PMEs and the proliferating fraction (18). Based on these reports, it is likely that the choline peak in the spectrum of a healthy breast-feeding woman is comprised mainly of free choline, and the choline peak in the spectrum of a breast carcinoma patient consists mainly of PC. It was reported earlier that the cross peaks due to other choline groups namely phosphoethanolamine and phosphocholine can be also detected in the L-COSY spectrum recorded in human brain in vivo (19) . Due to the voxel size, these cross peaks were also not detected in human breast cancer in this study.
Statistical pattern classification of MR spectra is a promising method to distinguish benign from malignant breast tissue. Mountford and coworkers implemented a three-stage strategy to classify fine-needle aspirates of breast tumors as benign or malignant based on their one-dimensional proton spectra. Their approach consisted of an "optimal region selection" procedure to find five to ten maximally discriminatory subregions in each spectrum, followed by linear discriminant analysis using that set of subregions as features. In the third stage, two independent classifiers are employed to form a computerized consensus diagnosis for especially difficult classification tasks. This technique gave an accuracy of 92.5% in distinguishing benign from malignant lesions (92.4% sensitivity and 92.7% specificity) (8). In this work, three benign breast tumors have been investigated so far and the data was not included in the final analysis due to a limited population.
A few drawbacks of 2D L-COSY of human breast tissues in vivo are worth mentioning. First, the N-methyl peak of creatine/phosphocreatine (Cr/PCr) at 3ppm has been used as a reliable internal reference in 1D MRS. However, no clearly resolved peaks of Cr/PCr were identified either at 3 or 3.9 ppm in any of the 2D L-COSY spectra of breast tissues. Hence, 2D spectral peaks were referenced to water at 4.8 ppm. Second, unsuppressed water, especially in breast carcinomas, caused dynamic range problem, thus minimizing the possibility of detecting lower concentrated metabolites such as nucleotide and uridine phosphates (10, 12, 16) . Third, a minimum voxel size of 1 ml was necessary to record 2D L-COSY spectra, hence any tumor lesions smaller than 1 ml will lead to partial volume errors. Fourth, a minimum total duration of 10 minutes was necessary to record each 2D spectrum, hence any subject movement or scanner fluctuations will lead to artifacts such as t 1 -ridges (33). Fifth, the current work did not include the glandular tissue type in healthy women and breast tumor patients.
In summary, the present study is the first report using statistical pattern classification of 2D L-COSY data recorded in malignant and healthy breast in vivo. 2D L-COSY spectra provide less ambiguous information than one-dimensional spectra, including the relative levels of saturated, unsaturated fatty acids and choline pool. The preliminary results of this study have evaluated CART analysis successfully in distinguishing healthy fatty tissue from invasive carcinoma tissue. Future work will focus on a large cohort of patients with malignant and benign breast tumors, and both fatty and glandular tissues of healthy women to take advantage of the full potentials of 2D L-COSY.
